In this study, a simple and novel electrochemical biosensor based on a glassy carbon electrode (GCE) modified with a composite of graphene oxide (GO) -silk fibroin nanofibers (SF) and gold nanoparticles (MCH/ssDNA/AuNPs/SF/GO/ GCE) was developed for detection of DNA sequences. The fabrication processes of electrochemical biosensor were characterized by scanning electron microscopy (SEM), FT-IR and electrochemical methods. Some experimental conditions such as immobilization time of probe DNA and MCH incubation time, time and temperature of hybridization were optimized. The designed biosensor revealed a wide linear range of 1.0 × 10 -16 -1.0 × 10 -8 mol L -1 and a low detection limit (3.3 × 10 -17 mol L -1 ) for detection of BRCA1 5382 mutation by EIS technique. The designed biosensor revealed high selectivity for discrimination of the complementary (P1C) sequences from various non-complementary sequences of (P1nC1, P1nC2 and P1nC3). Also, the biosensor revealed a high reproducibility (RSD of 7.5% (n = 4)) and high stability (92% of its initial response after 8 days). So, the fabricated biosensor has a suitable potential to be applied for detection of breast cancer sequences in the initial stages of the cancer.
1.Introduction
Breast cancer like other cancers initiates continuous process of aberrant chromosomal changes and consequently leads to damage to DNA. [1] [2] [3] As known, there are various clinical methods for detection of breast cancer such as mammography, magnetic resonance imaging (MRI) and breast biopsy tests. 4 Besides that up to now, lots of techniques such as surface plasmon resonance, 5, 6 optical fiber, 7 quartz crystal microbalance, 8 micro cantilever and electrochemical methods have been developed for detection of cancers because the cancer detection in the initial stages is so important. [9] [10] [11] [12] [13] Most of the optical methods are indirect and need a labeling of target DNA. So, the electrochemical biosensors based on electrochemical techniques such as cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) have been developed for detection of low concentrations of DNA sequences. 14, 15 Some great advantages of electrochemical biosensors compared to other types of biosensors are miniaturization, high sensitivity, low cost and fast detection. 16 The immobilization step of the DNA probe on the electrode surface is important in determining the overall performance of an electrochemical DNA biosensor. 17 To have a good immobilization process, some materials such as polymer, ionic liquid and nanoparticles have been used as the biosensing interface. [18] [19] [20] [21] Up to now, lots of nanoparticles have been applied for fabrication of biosensors due to some unique properties such as high surface-to-volume ratio, high conductivity and suitable biological compatibility. 22 Graphene is a one-atom-thick 2D carbon nanomaterial. Graphene oxide is a water dispersible version of graphene with oxygen-containing functional groups such as hydroxyl, carboxyl and epoxy groups. 23 Its nanosheets can adsorb single-stranded DNA (ssDNA) via non-covalent p-stacking interactions between the hexagonal cells of graphene and the ring structure of nucleobases. 24 Graphene oxide (GO) has a key role in the construction of biosensors due to its unique characteristics such as good dispensability and simple surface functionality, high electronic, thermal and mechanical properties. [25] [26] So, in the present work graphene oxide nanosheets were used for immobilization and hybridization processes of DNA strands at the electrode surface.
Another used nanomaterial in this study is silk nanofiber. Silk fibroin (SF) is a macromolecular protein with molecular weight about 350 kDa which can be extracted from silkworm cocoon. It is highly biocompatible and due to its porous structure allows the growing of cells, growth factors and the production of extracellular matrix (ECM) to enable communication between the cells. Fibroin is extremely versatile and can be processed in very different forms. [27] [28] [29] [30] One of the most interesting polymers that could be combined with graphene is silk fibroin (SF). In addition to having an excellent and well known biocompatible properties, 31 fibroin is a protein with a secondary molecular structure in the form of a beta-sheet that combines well with graphene. 32, 33 However, there are other configurations of fibroin scaffolds that could be improved after combination with graphene.
Recently, lots of electrochemical sensors based on various nanomaterials have been developed for detection of different targets. [34] [35] [36] [37] [38] [39] For instance, S. M. Ghoreishi et al. designed an electrochemical method for determination of acetaminophen in different pharmaceutical forms using gold nanoparticles carbon paste electrode. 40 B. Bozzini group investigated the electro deposition of Co/CoO nanoparticles onto graphene for electrocatalysis of oxygen reduction reaction by a multi-technique approach. 41 Also, B. Mahltig and coworkers fabricated an antimicrobial agent by using the silver nanoparticles in SiO 2 microspheres. 42 As known, voltammetric methods are simple, sensitive, selective and time-saving. 43 A DNA biosensor based on using electrochemical impedance spectroscopy (EIS) technique is a device that transduces changes in interfacial properties between the electrode and the electrolyte surface to an electrical signal. DNA biosensors based on EIS detection are label-free and it means that it is not necessary to use some labels such as fluorophore, [44] [45] [46] magnetic beads, 47 or an enzyme for detection of target. 48 Thus, some advantages of this kind of DNA biosensor are: low cost, simplicity, and ease of miniaturization. Also, when the differences in current are not significant in a low target concentration range, the EIS technique is more suitable than other electrochemical detection techniques.
Following our previous works, 4, 49, 50 in the present research an electrochemical biosensor for detection of BRCA1 sequences was designed. This biosensor is based on nano composite of graphene oxide -silk nanofibers and gold nanoparticles as a platform at the glassy carbon electrode (GCE). The fabrication processes of the designed sensor were followed by electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) methods. Under optimum conditions, the fabricated biosensor (MCH/ ssDNA/AuNPs/SF/GO/GCE) revealed a wide linear range (1.0 × 10 -16 to 1.0 × 10 -8 mol L -1 ) and a low detection limit of 3.3 × 10 -17 mol L -1 using EIS method. The designed biosensor revealed a high selectivity for discrimination of complementary from different non-complementary sequences. Briefly, some advantages of MCH/ssDNA/ AuNPs/SF/GO/GCE biosensor are: detecting DNA without using additional labels, easy preparation, possessing high selectivity, sensitivity, reproducibility and stability.
Experimental

1. Reagents and Instruments
The used primers and probes were designed based on the breast cancer cells obtained from the Gen Bank database. 6-Mercapto-1-hexanol (MCH) was purchased from Aldrich. HAuCl 4 and all other chemicals were of analytical grade and obtained from Merck Company. All of the chemicals were used as received without further purification. The sequences of the used probe and complementary were as follows:
Probe sequence (P1):
Non-complementary sequence (P1nC2): 5'-GAGAAACATCTGGGATA-3' Non-complementary sequence (P1nC3): 5'-CACTTTATTTGGGATG-3 For electrochemical measurements an Autolab potentiostat/galvanostat model PGSTAT 302 N (Eco Chemic, Utrecht, Netherlands) and NOVA 1.7 software at laboratory temperature (25 ± 1 °C) were used. The used three-electrode system was composed of a modified glassy carbon electrode as working electrode, an Ag/AgCl (1.0 mol L -1 KCl) and a platinum wire as reference and auxiliary electrodes, respectively. A Metrohm model 691 pH/mV meter was applied for pH measurements. The graphene nanosheets were synthesized according to the procedure given in the literature. 25 
Preparation of Nano Silk Fibroin
The natural silk fibers were purchased in a silk worm cocoon from Iran-Mazandaran area and then were cut into small pieces. To separate Srysyn gum, the small pieces of silk worm cocoon were boiled in the sodium carbonate solution (0/5% w/w) for 30 min two times. The resulting
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A Highly Selective DNA Sensor Based on Graphene ... fibers were rinsed with distilled water. The obtained silk fibroin was dried at room temperature and then dissolved in a solution containing calcium chloride/ethanol/water (molar ratio of 8/2/1) for 4 h at 60 °C. The resulting solution was purified using filtration process and dialyzed using a cellulose dialysis bag (12000) for 3 days at room temperature in the deionized water solution. The obtained solution as the diluted pure fibroin solution was dried at room temperature in a petri dish and the resulting film was converted to a powder. For preparation of fibroin nanoparticles, the physical method of ball mill grinding was applied for 12 h. The obtained FT-IR spectra of the resulting fibroin nanoparticles indicated a good agreement with other reported FT-IR of fibroin nanoparticles. 51 
3. Preparation of MCH/ssDNA/SF/GO/ GCE Biosensor
The fabrication processes of ssDNA/SF/GO/GCE biosensor include the steps as follows: at first, non-modified glassy carbon electrode (GCE) was polished by 0.05 µm alumina slurry to a mirror-like appearance, and then the mirror GCE was washed with anhydrous alcohol and water by ultrasonication for 30 min, respectively. At the second step, 20 µL of homogeneously dispersed solution of SF/GO (0.015/0.035 g/mL) nano composite was placed on the working electrode surface and dryed under ambient conditions and this electrode was named SF/GO/GCE electrode. At the third step, gold nanoparticles (1.5 mmol L -1 ) were deposited electrochemically on the surface of SF/ GO/GCE electrode to prepare AuNPs/SF/GO/GCE (the applied experimental conditions: the potential range and the number of scans were -0.2 V to +0.9 V and 40, respectively). Fourth step contained dropping 20 µL of the DNA probe solution (1 µmol L -1 ) at the surface of AuNPs/SF/ GO/GCE for 12 h in a wet chamber to prepare ssDNA/ AuNPs/SF/GO/GCE electrode. At the last step, the prepared electrode was immersed in a MCH (1 mol L -1 ) solution as a blocker of surface to fill the bare areas of the ssD-NA/AuNPs/SF/GO/GCE surface which have not been covered by DNA strands and remove nonspecific adsorption of DNA (MCH/ssDNA/AuNPs/SF/GO/GCE). After each step the electrode was rinsed with a buffer and the modification steps were followed by using EIS and CV techniques.
4. The Solutions Preparation Procedure
The probe and complementary solutions provided from the Gen Bank database were dissolved in water and were kept frozen at -20 °C to form stock solution of primers (18.5 µmol L -1 ). For preparation of solutions, deionized water (DI: 18 MΩ cm resistivity) was used. The solutions of DNA probe (1 µmol L -1 ) and various concentration of complementary (1.0 × 10 -16 mol L -1 to 1.0 × 10 -8 mol L -1 ) were prepared by sequential dilution of the stock solution of primers. Also, for preparation of SF/GO suspension, GO and SF (0.035 g, 0.015 g, respectively) was weighed and diluted with 1 mL of distilled water. Then, this suspension was sonicated for 1 h to prepare the solution of SF/ GOI which was placed on the electrode surface. The probe DNA immobilization and hybridization were monitored in a solution containing [Fe(CN) 6 ] 3-/4-(1:1) (1.0 mmol L -1 ) and KCl (0.1 mol L -1 ) mixture as the redox active probe (Scheme 1).
Results and Discussion
the nano composite of graphene oxide -silk fibroin and nanoparticle AuNPs (E) was examined by scanning electron microscopy (SEM) technique. According to Fig. 1A , the bare glassy carbon electrode has a smooth surface area. Fig. 1B indicates the petal-like structure of graphene oxide nanosheets with a large surface area. 52 Fig. 1C shows the SEM of silk nanofibers compared with smooth surface of bare glassy carbon electrode. 53 Fig. 1D , shows the SEM of the modified glassy carbon electrode with nanosheets of graphene oxide -silk nanofibers which can provide a suitable platform for DNA sensing by increasing the electrode surface area. As shown in Fig 1E, the SEM of the modified glassy carbon electrode with nanosheets of graphene oxide -silk nanofibers and gold nanoparticles (AuNPs) can provide a suitable platform for sensing of thiolated DNA strands via the formation of Au-S bond.
For characterization of the used compounds for modification of the electrode surface the FT-IR spectros- copy technique was used. The FT-IR spectrum of graphene oxide reveals a C-O stretch at 1222 cm -1 , an O-H stretch at 3500-3300 cm -1 , and a C=O stretch at 1720-1690 cm -1 54 ( Fig. 2A) . Also, the FT-IR spectrum of silk nanofibers shows a hydrogen bond at 3300 cm -1 , a C-N stretch at 1444 cm -1 , C=O stretch at 1640-1620 cm -1 , a C-N stretch at 1230 cm -1 (Fig. 2B) . The FT-IR spectrum of SF/GO composite indicates the related peaks of both graphene oxide and silk fibroin in the SF/GO composite (Fig. 2C) . After electro-deposition of gold nanoparticles on the SF/GO surface, a NH peak which is shifted to low energy is observed in the SF/GO/AuNPs spectrum and this can be related to the interaction between the AuNPs and composite of SF/GO (see Fig. 2D ). These observations denote that the modification of electrode surface was performed well.
Also, the modification processes of electrode were monitored with electrochemical techniques (cyclic voltammetry (CV) and impedance (EIS)). Fig. 3 indicates the obtained cyclic voltammograms of different electrodes in a solution containing [Fe(CN) 6 ] 3-/4-(1.0 mol L -1 ) at a scan rate of 100 mV/s. According to this figure, after introduction of SF/GO composite at the surface of bare glassy carbon electrode, the peak current (i p ) of SF/GO/GCE electrode is decreased compared with the CV response of the bare GCE (curves a and b). This observation can be related to the insulation of the SF layer. 55 By electrodeposition of gold nanoparticles on SF/GO/GCE surface, the peak current value is increased due to high conductivity of gold nanoparticles (curves b and c). It is noticeable that the existence of the gold nanoparticles at the modified electrode surface leads to more attachment of ss-DNA strands at the electrode surface (curve c). By immobilization of probe at the surface of the AuNPs/SF/GO/GCE, the peak current is decreased due to the repellence of [Fe(CN) 6 ] 3−/4− by the negatively charged phosphate backbone of probe DNA and also the saturation of the electrode surface by probe DNA to prevent [Fe(CN) 6 ] 3−/4− ions from reaching the electrode surface (curve c and d). After blocking the electrode surface by MCH (1.0 mmol L -1 ) as a blocker surface at the ss-DNA/AuNPs/SF/GO/GCE, the peak current is decreased (curve e).
In addition, the fabrication process of MCH/ssDNA/ AuNPs/SF/GO/GCE was followed with EIS method (Fig.  4) . The modification of the bare glassy carbon electrode surface with SF/GO composite causes an increase of the semicircle diameter (R ct ) compared to bare GCE (curves a, b). After electrodeposition of gold nanoparticles on the modified electrode surface with SF/GO composite, the value of R ct is decreased due to the high conductivity of gold nanoparticles (curves b and c). By immobilization of the ss-DNA probe at the AuNPs/SF/GO/GCE surface, R ct value is increased (curve d). Finally, using MCH solution as a blocker agent of electrode surface (ssDNA/AuNPs/SF/ GO/GCE) leads to an increase in the value of R ct (curve e). These results reveal that the fabrication process of MCH/ ssDNA/AuNPs/SF/GO/GCE biosensor is performed well.
2. Optimization of Experimental Conditions
2. 1. Optimization of the Percentages of GO in the SF/GO Composite, Immobilization Time of Probe DNA and MCH Incubation Time
For increasing the sensitivity of the designed electrochemical sensor (ssDNA/SF/GO/GCE), some experimental parameters such as the percentages of GO in the SF/GO composite was optimized. The influence of the GO percentage in SF/GO composite was examined in the range of 30 to 90% w/w. The results revealed that the ΔR ct values are increased by increasing the percentages of GO in the composite up to 70% w/w and after that, by increasing the percentages of GO the ΔR ct values are nearly constant. So, the GO percentage of 70% w/w was chosen as the optimum percentage value of GO in the SF/GO composite (see Fig.  5A ).
For investigation of immobilization time of probe DNA, 20 µL of the probe DNA solution (1 × 10 -6 mol L -1 ) was introduced at the electrode surface from 5 min to 2 h. According to Fig. 5B , it is observed that by increasing time, ΔR ct values are increased until 1 h and then, ΔR ct values remain constant. So, an immobilization time of 1 h was selected as an optimum immobilization time of probe DNA for further experiments (Fig. 5B) . Also, for enhancement of selectivity and sensitivity of the proposed DNA biosensor, the MCH incubation time was investigated. As mentioned before, MCH incubation has an important role to remove the nonspecifically adsorbed probe molecules from the electrode surface. So, ssDNA/AuNPs/SF/GO/ GCE electrode was immersed in a solution of MCH (1 mol L -1 ) for a specific time. MCH can bind to the electrode surface and consequently prevents the absorption of complementary DNA sequences to the electrode surface. After incubation of the fabricated sensor in a solution containing MCH (1 mol L -1 ), the ∆R ct values are increased until 20 min and then the ∆R ct values are constant (Fig. 5C ). Based on these observations, the optimum time of 20 min was selected for the incubation of MCH.
2. 2. Optimization of Time and Temperature of Hybridization
Other parameters which were optimized in this research are the effects of time and temperature of hybridization. The effect of hybridization time was investigated over the range of 5 min to 60 min while temperature and ssD-NA concentration were kept constant at 25 °C and 1.0 × 10 -16 mol L -1 , respectively. According to obtained results in Fig. 6A , 40 min was selected as the optimum hybridization time for further experiments.
Also, due to the importance of the temperature of hybridization for hybridization reaction, the temperature of hybridization was optimized. Hybridization temperature was changed from 25 to 65 °C while keeping hybridization time and complementary concentration constant at 50 min and 1.0 × 10 -16 mol L -1 , respectively. As shown in Fig. 6B , the ΔR ct values are constant up to 35 °C and then rapidly decrease by increasing the temperature due to replacement of some molecules from the electrode surface. Thus, the temperature of 25 °C was selected as the optimum hybridization temperature.
Investigation of Sensitivity of MCH/ ssDNA/AuNPs/SF/GO/GCE Biosensor
The sensitivity of MCH/ssDNA/AuNPs/SF/GO/ GCE biosensor was investigated by electrochemical impedance spectroscopy (EIS) technique. results reveal that using the nano composite of GO and SF in the structure of MCH/ssDNA/AuNPs/SF/GO/GCE biosensor leads to increasing the sensitivity of the designed biosensor due to the unique properties of GO such as possessing lots of carboxylic acid groups, increasing the surface area, good biocompatibility and electron mobility at room temperature 56 and also some specific properties of SF like tensile strength and elasticity, good thermal stability, hygroscopicity, microbial resistance and biocompatibility. 57 Also, Table 1 reveals the comparison of some characteristics of ssDNA/SF/GO/GCE biosensor with some other reported electrodes. [58] [59] [60] [61] [62] According to Table 1 , the obtained detection limit and linear range in this work are better than in other works. It is noticeable that the ssDNA/ SF/GO/GCE biosensor has a good sensitivity for detection of BRCA 1 sequences but it has some disadvantages like: (i) EIS is used for DNA detection which is so sensitive towards the electrode surface changes but its selectivity is lower than in some other electrochemical techniques such as differential pulse voltammetry; (ii) the proposed meth- od is quite time consuming; and (iii) it was not applied to a real sample although we believe that the fabricated biosensor has a good potential for detection of breast cancer in the near future.
4. The Selectivity Investigation of the Fabricated Biosensor
As known, the selectivity is explained as the recognition of differences between the target DNA sequences from others. For investigation of the selectivity of the ssDNA/SF/ GO/GCE biosensor, the fabricated biosensor was hybridized with complementary P1C and different non-complementary sequences of P1nC1, P1nC2 and P1nC3. The obtained results are shown in Fig. 8 . According to this figure, ssDNA/SF/GO/GCE biosensor reveals different EIS signals after hybridization with 1.0 × 10 -13 mol L -1 of complementary P1C (6400 kΩ) and 1.0 × 10 -13 mol L -1 of various non-complementary DNA sequences P1nC1, P1nC2 and P1nC3 (690, 600 and 580 kΩ, respectively). These observations indicate that the fabricated biosensor has a high selectivity and also it can be suggested that the designed biosensor will be applied in the future for real samples.
of complementary sequences. The obtained results revealed a relative standard deviation (RSD) of 7.5% (n = 4) for ΔR where ΔR = R final -R initial , and R final is EIS response after hybridization and R initial is EIS signal before hybridization. Thus, the obtained results reveal a satisfactory reproducibility of this electrochemical biosensor. The stability of the MCH/ssDNA/AuNPs/SF/GO/GCE biosensor was also investigated during 8 days. The proposed biosensor was stored in a 0.1 mol L -1 phosphate buffer solution (pH 7.4) in the refrigerator at 4 °C and after 8 days the response of the ssDNA/SF/GO/GCE biosensor retained about 92% of its initial response. These observations prove the high stability of the fabricated DNA sensor.
Conclusions
In this paper, a DNA electrochemical biosensor based on graphene oxide nanosheets -silk fibroin composite as probe oligonucleotide immobilization platform was designed for breast cancer sequences detection. The modification processes of electrode were followed by scanning electron microscopy (SEM), FT-IR and electrochemical techniques of cyclic voltammetry (CV) and impedance (EIS). Some experimental parameters of the designed biosensor like the percentages of GO in the SF/GO composite, immobilization time of probe DNA and MCH incubation time, time and temperature of hybridization processes were optimized. Under optimum conditions, this electrochemical biosensor revealed a suitable dynamic range (1.0 × 10 -16 mol L -1 to 1.0 × 10 -8 mol L -1 ) and a low detection limit (3.3 × 10 -17 mol L -1 ) for target DNA by EIS technique. The obtained results revealed high sensitivity of the fabricated biosensor. This method was successful in detection of BRCA 1 sequences containing complementary P1C sequences and various non-complementary sequences of P1nC1, P1nC2 and P1nC3. Briefly, this designed biosensor possesses some advantages such as suitable selectivity and sensitivity, high reproducibility and being not expensive. This biosensor like other designed sensors has some disadvantages such as being quite time consuming and was not applied to real samples. We hope that our explorations may present a basis for further advancement in modified electrochemical DNA biosensors applyed to various science fields. 
5. Reproducibility and Stability of the MCH/ssDNA/AuNPs/SF/GO/GCE Biosensor
The reproducibility and stability of MCH/ssDNA/ AuNPs/SF/GO/GCE biosensor were examined. For reproducibility investigation of the designed biosensor, three ssDNA/SF/GO/GCE electrodes were fabricated and then hybridized with target DNA (1.0 × 10 -13 mol L -1 ). It is noticeable that independent DNA sensors were prepared in the similar conditions like suspension concentration of SF/ GO composite, ssDNA immobilization and hybridization
